Abstract:. We present a formalism for analysis of optical properties of metasurfaces. Rigorous Diffraction Interface Theory provides a drastic speedup in computations and an analytical framework for understanding the transition between optically thin and thick structures.
Optical composites with subwavelength structure can be grouped into two relatively broad classes, metamaterials and metasurfaces. In both cases, optical response of composites stems from a combination of the material response of their constituent components and from their geometrical arrangement. However, while optics of metamaterials is primarily dominated by their propagating modes, optics of metasurfaces stems from light interaction with complex, although optically thin, composite. Metasurfaces typically have multiple inherent length scales that combine subwavelength components size, thickness, and wavelength-scale in-plane periodicity.
Several classes of numerical and analytical techniques have been recently developed to analyze the optics of composites and to optimize the structure of such composites for specific applications. Brute-force numerical methods such as finite difference and finite element techniques [14] [15] convert differential Maxwell equations into a set of coupled algebraic equations by discretizing representative portion (unit cell) of the composite with deep subwavelength resolution. When applied to typical metasurfaces, these methods quickly become impractical, often requiring ~100 Gb of RAM and days of calculations to analyze realistic structures. Mode-matching techniques, such as rigorous coupled wave analysis (RCWA) [16] are beneficial for analysis of periodic structures. However, implementation of RCWA requires solution for propagating modes inside each layer of the composite, which is often a very time consuming process. Homogenization techniques, such as effective medium theories, that provide significant advantage when analyzing photonics in optically-thick metamaterials, as a rule do not address diffraction and are thus not applicable for analysis of metasurfaces.
The formalism presented in this work, R-DIT, addresses the fundamental limitation of previous GBC-based techniques by incorporating an analog of Taylor expansion into generalized boundary condition. As such, R-DIT essentially provides the missing link between traditional bulk-based photonics and (meta)surface-based optics. Explicitly, R-DIT utilizes the linear relationship between the in-plane Fourier components of the fields within the metasurface, expressed as [ ℰ ⃗ (2) ℋ ⃗⃗⃗ (2) ]
where represents identity matrices, the components of the matrices P, Q are related to Fourier transforms of permittivity profile of metasurface across the unit cell, is angular frequency of light, is speed of light in vacuum, and ℎ is metasurface thickness [9] . The terms proportional to ( ℎ ) represent the -th term of the R-DIT expansion.
We illustrate the R-DIT on example of checkerboard metasurface that is known for slow convergence of its optical properties with numerical solutions of Maxwell equations [17] . Predictions of R-DIT of different orders are compared to the results from Rigorous Coupled Wave Analysis (RCWA). It can be seen [ Fig.1 (c)-(f) ] that R-DIT can adequately describe optics of even sufficiently thick, half-wavelength metasurface, while maintaining almost order-of-magnitude speed advantage over RCWA (Fig. 1b) . In our tests both RCWA and R-DIT substantially out-perform commercial finite-element solvers. This research is supported by the NSF (grant DMR-#1209761).
